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A formalism i s  developed f o r  p red ic t ing  t h e  c r i t i c a l  nucleus s i z e  r 

and t h e  c r i t i ca l  f r e e  energy b a r r i e r  AGc f o r  an isothermal  

p o l a r i z a t i o n  r e v e r s a l .  This  is accomplished through t h e  expansion 

C 

of t h e  excess  f r e e  energy per u n i t  volume, g = (GB - Ga)/U8, of t h e  

t ransformed nucleus i n  a Elaclaurin s e r i e s  i n  t h e  e l e c t r i c  f i e l d  and 

t h e n  combining the r e s u l t  with c l a s s i c a l  nuc lea t ion  theory  t o  y i e l d  

express ions  f o r  r and AGc, which are  then  eva lua ted  as func t ions  of  

t h e  i n t e r f a c i a l  energy T f o r  t he  c a s e  of  180° p o l a r i z a t i o n  r e v e r s a l  

i n  8-polyvinyl idene f l u o r i d e  ( B  - PVF ) us ing  l i t e r a t u r e  va lues  f o r  

t h e  parameters .  The p o l a r i z a t i o n  domains are viewed as s e p a r a t e  

phases wi th in  t h e  8- type c r y s t a l s .  An Arrhenius r e l a t i o n s h i p  is 

then  used t o  independently c a l c u l a t e  A G  from p o l a r i z a t i o n  swi tch ing  

t i m e  d a t a  f o r  t h e  same system. These two sets of r e s u l t s  a r e  

C 

2 

compared t o  ob ta in  an es t imate  of t h e  e f f e c t i v e  i n t e r f a c i a l  energy 21 
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f o r  an assumed s p h e r i c a l  nucleus.  I t  i s  found t h a t  i n  t h e  range of 

e l e c t r i c  f i e l d s  from 80 t o  300 NV/m t h e  va lue  of 71 is i n  t h e  range 

of 20 t o  40 m J / m  and t h a t  T decreases  wi th  dec reas ing  e l e c t r i c  

- 

2 

f i e l d .  The i n t e r f a c i a l  energy represented  by 71 i s  n o t  t h e  usua l  

s u r f a c e  energy a s s o c i a t e d  w i t h  polymer c r y s t a l s .  The po in t  is made 

t h a t  X need not  be completely r e v e r s i b l e  i n  t h e  sense  of equi l ibr ium 

thermodynamics but  may have a d i s s i p a t i o n a l  component which is  

thought t o  be r e l a t e d  t o  the p o l a r i z a t i o n  h y s t e r e s i s  loop. 

I .  INTRODUCTION 

Polyvinyl idene f l u o r i d e  (PVF ) i s  a s e m i c r y s t a l l i n e  polymer which has  

I t  1-10 

11-12,16,17 

2 

been ex tens ive ly  i n v e s t i g a t e d  i n  regard t o  i t s  f e r r o e l e c t r i c  na tu re .  

i s  known t h a t  PVF has a number of p o l a r  and non-polar phases .  

The p o l a r  B-phase i s  of s p e c i a l  i n t e r e s t  i n  t h i s  paper .  I t  can be formed by 

2 

u n i a x i a l  drawing of m e l t  c r y s t a l l i z e d ,  non-polar a-PVF2. Drawing t ransforms 

t h e  TGTG' conformation of t h e  a-phase t o  t h e  p lanar  z ig-zag  o r  a l l  t r a n s  

conformation of  t h e  8-phase. In  t h i s  conformation t h e  d ipo le s  a r e  a l igned  

perpendicular  t o  t h e  cha in  a x i s  ( c -ax i s )  and thereby g i v e  r i s e  t o  t h e  n e t  

p o l a r i z a t i o n  of  t h e  8-phase. .  To conform t o  t h e  n o t a t i o n  of our  prev ious  

paper13 t h e  symbols a and 6 i n  Section I1 below a r e  used i n  a r a t h e r  gene ra l  

s ense  and do no t  uniquely r e f e r  t o  t h e  a and 8 phases as they a r e  understood 

t o  apply s p e c i f i c a l l y  t o  PVF2. 

In  t h i s  paper ,  c l a s s i c a l  nucleat ion theo ry  is app l i ed  t o  a s i m p l i f i e d  

model of 180° p o l a r i z a t i o n  r e v e r s a l  i n  8-PVF, i n  an e l e c t r i c  f i e l d .  The 

theory i s  developed wi th  t h e  assumption t h a t  a 160' r o t a t i o n  of the d i p o l e s  

L 

occurs  i n  a l o c a l i z e d  volume which \ G i l l  be t r e a t e d  as  a s p h e r i c a l  nucleus of 
- 



reversed d i p o l e s  (F ig .  1 ) .  The domains of d i f f e r e n t l y  arranged d i p o l e s  w i l l  

be viewed a s  s e p a r a t e  phases ( e . g . ,  u and f?, i n  t h e  n o t a t i o n  of Sec t ion  1 1 ) .  

Work is i n  progress  i n  which t h e  nucleus i s  more r e a l i s t i c a l l y  taken t o  be of 

a p r i s m a t i c  o r  c y l i n d r i c a l  shape which encloses  p o r t i o n s  of one o r  more chain 

axes.  I n  t h e  p re sen t  approximation, expressions a r e  de r ived  f o r  t h e  c r i t i c a l  

nucleus s i z e  r and the  c r i t i c a l  energy b a r r i e r  AGc r equ i r ed  f o r  a s t a b l e  

nucleus of reversed p o l a r i z a t i o n  to  occur .  These expressions a r e  obtained by 

- .  
C 

expanding t h e  free energy i n  a Naclaurin series i n  t h e  l o c a l  e l e c t r i c  f i e l d  

and inco rpora t ing  t h e s e  r e s u l t s  w i t h  c l a s s i c a l  n u c l e a t i o n  theo ry .  

The paper i s  organized i n  the  fol lowing manner. A b r i e f  background 

d e s c r i p t i o n  of c l a s s i c a l  nucleat ion theo ry  is given,  beginning with F i g s .  2 

and 3 which c l a r i f y  c e r t a i n  f ea tu res  of ou r  n o t a t i o n ,  followed by t h e  d e t a i l s  - 

of t h e  f r e e  energy expansion and t h e  development of expressions f o r  r and 

AGc.  This X 

should no t  be confused wi th  t h e  usual i n t e r f a c i a l  energy f o r  a c t u a l  c r y s t a l  

growth i n  t h e  polymer. I t  r ep resen t s  t h e  e f f e c t i v e  i n t e r f a c i a l  energy of 

C 

L i t e r a t u r e  values  a r e  used t o  compute r and AGc v s .  E and X .  
C 

d i s a l i g n e d  d i p o l e s  a t  t h e  domain boundary. A s e p a r a t e  e s t ima t ion  of t h e  f r e e  

energy b a r r i e r  v s .  E is computed us ing  t h e  d a t a  of Furukawa, Date, and 

Johnson3 and t h e  two s e t s  of A G  values a r e  compared and d i scussed  i n  terms of 

f u t u r e  r e sea rch  d i r e c t i o n s .  

C 

11. RELEVANT ASPECTS OF NUCLEATION THEORY 

A .  The thermodynamic b a s i s  of nucleat ion i n  undercooled systems 

The major f a c t  underlying the need f o r  a theory of nuc lea t ion  is  t h a t  a 

pure substance can e x i s t  fo r  s u b s t a n t i a l ,  sometimes i n d e f i n i t e ,  per iods o f  
- 
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t i m e  i n  an undercooled c o n d i t i o n .  For example very pure water can remain i n  

t h e  l i q u i d  phase a t  a temperature  as low as -GOo C ( a t  1 atmosphere). I f  an 

equ i l ib r ium phase a e x i s t s  for  a given set  of i n t e n s i v e  v a r i a b l e s  

(T1, ply El, . . .> and i f  equilibrium thermodynamics p r e d i c t s  t h a t  a new 

equ i l ib r ium phase B should e x i s t  f o r  a new s e t  of i n t e n s i v e  v a r i a b l e s  

(T2, p2 ,  E 2 ,  . . . ) ,  it i s  t h e  u s u a l  s i t u a t i o n  t h a t  t h e  expected 

t r a n s  f ormat i on  

a +  B 

w i l l  not  occur in s t an taneous ly ,  and i n  f a c t  may be very slow. The reason f o r  - -  

t h i s  i n h i b i t i o n  of t h e  expected t ransformation is t h a t  even when l o c a l  d e n s i t y  

f l u c t u a t i o n s  and d i f f u s i v e  motions lead t o  t h e  formation of a small  nucleus of 

8-phase ( s e e  Sec t ion  I )  wi th in  the a -ma t r ix ,  t h e  energy X A a s s o c i a t e d  wi th  

t h e  i n t e r f a c e  A i nc reases  the  t o t a l  Gibbs’ f r e e  energy and thus  opposes t h e  

formation of t h e  8-phase; which i f  formed i n  bulk would be s t a b l e .  The t o t a l  

B B  

B 

Gibbs energy corresponding t o  n growing nucleus of volume V can be w r i t t e n  a s  

( 2 )  

B 
A G =  gVB + g V -I- 7( A 

g = (GB - Ga)/UB 

S B  B B  
where an excess f r e e  energy d e n s i t y  of t h e  8-phase is  given by 

(3) 

and g i s  an e f f e c t i v e  s t r a i n  energy d e n s i t y  which w i l l  not be e x p l i c i t l y  

t r e a t e d  i n  t h e  p r e s e n t  work. .  The o r d i n a r l y  (bulk)  molar f r e e  ene rg ie s  and 

S 

molar volume are denoted by Ga, G and u r e s p e c t i v e l y .  B B Y  
As d i scussed  p rev ious ly  (BCI)13, t h e  s i z e  of t h e  c r i t i c a l  nucleus r 

C’ 

corresponds t o  t h e  maximum (AG ) of t h e  f r e e  energy s u r f a c e .  Thus ,  f o r  a 
C 

s p h e r i c a l  nucleus 

r = - 2 X / g  
C 

and 

3 2  AGc = (16a/3)X /g . 

4 



For g e n e r a l i t y  it can be assumed t h a t  both 71 and g depend on t h e  temperature  T 

and o t h e r  i n t e n s i v e  v a r i a b l e s  as  w e l l ,  such as p res su re  p and e l e c t r i c  f i e l d  

I -  

i n t e n s i t y  E .  Our p o s t u l a t e  i s  tha t  7( need no t  be s t r i c t l y  analogous t o  an 

i d e a l  equi l ibr ium i n t e r f a c i a l  f r e e  energy, as i n  c l a s s i c a l  thermodynamics, bu t  

may have a p a r t i a l l y  i r r e v e r s i b l e  c h a r a c t e r ,  a s  i n  f r a c t u r e  wi th  c raze  

formation.  This  assumption opens the p o s s i b l i t y  of a s s o c i a t i n g  p o l a r i z a t i o n  
. .  

h y s t e r e s i s  loops t o  t h e  i r r e v e r s i b l e  ( d i s s i p a t i o n a l )  component of 71. I n  t h e  

usua l  case  t r e a t e d  i n  nuc lea t ion  theory,  v i z .  t h e  c a s e  of p = 0 . 1  PlPa arid 

E = 0 ,  one is  concerned wi th  t h e  degree of undercool ing,  0 = (T - T ) ,  and, as . -  

shown previous ly  

t 
13 

( 6 )  
-1 -1 r = -[2X(Tt/O) h, ] [ l  - q0 + . . . I  

C 

3 2 -2 -1 AGc = [(16n/3)71 (Tt/O) ht  ] [ l  - q202 + . . . ]  ( 7 )  

where 

C and aB denote  t h e  excess  enthalpy d e n s i t y  ht ,  p y  and t h e  symbols 

( H B  - Ha)/uB, t h e  hea t  c a p a c i t y ,  and t h e  volumetr ic  thermal  expans iv i ty .  

B. Thermodynamic a n a l y s i s  f o r  t h e  e f f e c t  of  an electric f i e l d  

In  t h e  previous s e c t i o n ,  simple express ions  f o r  the c r i t i c a l  nucleus s i ze  

and c r i t i ca l  energy b a r r i e r  are descr ibed which depend only  on 71 t h e  e f f e c t i v e  

i n t e r f a c i a l  energy of t h e  p o l a r i z a t i o n  domain and g t h e  excess f r e e  energy p e r  

u n i t  volume of t h e  transformed p o l a r i z a t i o n  nuc leus .  In t h i s  s e c t i o n  a method 

of eva luac ing  g will be descr ibed  f o r  t h e  case  of an app l i ed  e l e c t r i c  f i e l d  i n  

an analogous manner t o  t h e  method of Barker and CampbelllS for t h e  case  of 

supercool ing  a t  cons tan t  p re s su re  arid f i c l d  s t r e n g t h .  
- 
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1. Free energy as a Placlaurin s e r i e s  i n  e l e c t r i c  f i e l d  s t r e n g t h  - 
I t  is p o s s i b l e  t o  c o n s t r u c t  a use fu l  formalism by expanding the  e f f e c t i v e  

f r e e  energy of t h e  transformed nucleus g i n  a Elaclaurin s e r i e s  i n  E ( t h e  l o c a l  

e l e c t r i c  f i e l d )  and then ,  u s ing  thermodynamical r e l a t i o n s ,  t o  e v a l u a t e  t h e  

expansion c o e f f i c i e n t s .  For example i f  
7 - .  

g = g(E) = g ( 0 )  + g ' ( 0 ) E  + $g"(O)E' + . 
3 

= a + alE + a2E' + . . 0 

t hen  g ' ( O ) ,  which means ag/aE) 

L e t  Da and D r ep resen t  t h e  e l e c t r i c  displacements ( w i t h  an i m p l i c i t  t e n s o r  - -  

c h a r a c t e r )  and de f ine  a G i b b s  f ree  energy d i f f e r e n c e  LIS 

a t  E = 0 ,  can be found as  fol lows:  T 

B 

G B  - G a = H B  - H a - T(SB - Sa) - (U 6 6  ED - uaEDa) (11) 

so t h a t ,  upon u s i n g  E q .  ( 3 ) ,  one can o b t a i n  

aGB 1 - I 1 

T 
and t h e r e f o r e  

g ' ( 0 )  = (Ua/UB)Da - DB ( 1 3 )  

Note t h a t  g ( 0 )  i s  ze ro  by d e f i n i t i o n  of t h e  equ i l ib r ium t r a n s i t i o n .  

S i m i l a r l y  

I 
I 

u aDa D~ aUa u au 
+ - - - - -  a 'D 2 a E  a 

a 

B 
g"(0) = - a E  U B  a E  

% 
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However i f  ( a u a / a E ) T  and ( a u  / a E I T  a re  n e g l i g i b l e ,  then B 
g" (0)  = ( u a / U g )  E a  - E B  

rihere E i s  t h e  p e r m i t t i v t y ,  K B E O *  a 

The preceeding equat ions reveal t h a t  

a 

a 2 = [ ( U a / U B ) E a  - E g l / 2  

= 0 , a l  = (ua/ug)Da - DB 0 

( 1 7 )  

These r e s u l t s  when s u b s t i t u t e d  i n t o  E q .  ( 9 ) ,  y i e l d  t h e  fol lowing expression 
f o r  g(E) 

(18) 
L 

g(E) = [(ua/ug)Da - D g l E  + (i)[(ua/Ug)~, - E ~ I E  + . . 
2 .  Expressions f o r  r and AGc 

C 

The expansion f o r  g can be s u b s t i t u t e d  i n t o  E q s .  ( 4 )  and (5) t o  provide 

expressions f o r  t h e  c r i t i c a l  nucleus s i z e  and c r i t i c a l  energy b a r r i e r  f o r  an 

isothermal  t r a n s i t i o n  inf luenced by an e l e c t r i c  f i e l d  g iv ing  

O Y  

C 

The a n i s o t r o p i c  c h a r a c t e r  of t h e  polymer is a t  l e a s t  p a r t i a l l y  accounted f o r  

by u s i n g  t h e  a p p r o p r i a t e  components of t h e  d i e l e c t r i c  t e n s o r .  From BC-1 w e  

i n f e r  t h a t  t h e  expres s ion  f o r  r when o r d i n a r y  undercool ing is  a l s o  involved 

w i l l  con ta in  t h e  fol lowing e x t r a  terms i n  t h e  denominator 

C 

(h /T )O - [(ACp/2uBTt) - a h /T I O L  + . . . 
t t  B t  t 

and t h e  c r i t i c a l  b a r r i e r  w i l l  have t h e s e  same terms, added be fo re  squa r ing ,  i n  

t h e  denominator of E q .  ( 2 0 ) .  The f i e l d  E i s  no t  t h e  macroscopic e x t e r n a l  

f i e l d  Eo but ra ther  t h e  l o c a l  f i e l d  1;hich i s  espcrienced by t h e  nucleus of 

reversed p o l a r i z a t i o n .  The local f i e l d  is t h e  f i e l d  esper ienced by a 

7 



d i e l e c t r i c  sphere embedded i n  a matrix wi th  a d i f f e r e n t  d i e l e c t r i c  constant  

Thus t h e  r e l a t i o n s h i p  between the l o c a l  e l e c t r i c  f i e l d  E i n  t h e  above 

- _  

equat ions and t h e  app l i ed  e l e c t r i c  f i e l d  E is 0 

3Ea 
+ E Eo 2Ea 6 

E =  
.. . 

111. PREDICTIONS OF IlAGXITUDES FOR PVF, 
L 

A .  Estimates of r and AG from nucleat ion theory 
C C 

Values f o r  t h e  unknown terms i n  E q s .  (19 )  and ( 2 0 ) ,  t he  e l e c t r i c  

displacement and t h e  p e r m i t t i v t y ,  were taken t o  be equal i n  magnitude bu t  

oppos i t e  i n  d i r e c t i o n  f o r  t h e  p o l a r i z a t i o n  r e v e r s a l .  Thus, D = -D and 

- E  where t h e  p o s i t i v e  d i r e c t i o n  i s  taken t o  be t h a t  of t h e  e l e c t r i c  & B  a 

f i e l d .  Using l i t e r a t u r e  values  of +-65 mC/m2 f o r  t h e  e l e c t r i c  displacment' and 

k2.66  x lo-' '  F/m f o r  t h e  permitt ivty ' ,  w i th  t h e  2 r e l a t i n g  t o  the  8-phase and 

a-phase r e s p e c t i v e l y ,  values  were generated f o r  r Resul ts  f o r  t h e  

c r i t i c a l  r ad ius  versus  t h e  e l e c t r i c  f i e l d  assuming 0 = 0 a r e  shown i n  Fig.  4 .  

Since  t h e  e f f e c t i v e  i n t e r f a c i a l  energy T i s  unknown, it is taken a s  a 

parameter between 5 and 25 m J / m 2  f o r  t h e  a n a l y s i s .  On an i n t u i t i v e  b a s i s  t h e  

r e s u l t s  appear reasonable .  

B a 
- - 

and AGc. 
C 

S i m i l a r l y ,  t h e  va lues  of t h e  f r e e  energy b a r r i e r  AGc a r e  p l o t t e d  a g a i n s t  

e l e c t r i c  f i e l d  i n  F ig .  5 .  Again 71 i s  taken a s  a parameter.  I n  t h i s  ca se  t h e  

p r e d i c t e d  f r e e  energy b a r r i e r  f o r  a given f i e l d  s t r e n g t h  changes by two o r d e r s  

of magnitude as  X changes from 5 t o  25 m J / m ' .  One should not be s u r p r i s e d  if 

X is  f i e l d  dependent s i n c e  i t  corrcsponds t o  the  m i s o r i e n t a t i o n  energy of tlie 

d i p o l e s  near the domain boundary. HotGever f o r  high e l e c t r i c  f i e l d s ,  above 

9 
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about 100 ?lV/m,  t h e  va lue  of A is less than  100 kJ/mol r e g a r d l e s s  of t h e  
C - 

cho ice  of t h e  i n t e r f a c i a l  energy up t o  t h e  masirnuin va lue  on t h e  graph ( X  = 25 

m J / m  ).  
2 

B .  D i r e c t  e s t ima te  of A from p o l a r i z a t i o n  switching d a t a  

3 Furukawa, Date, and Johnson have p resen ted  some very u s e f u l  measurements 

of p o l a r i z a t i o n  switching times r vs E and T .  We have found t h a t  a 

r e a n a l y s i s  of t h e i r  d a t a  as  Arrhenius p l o t s  (F ig .  6 )  with E a s  a parameter - .  

e x h i b i t  f a i r l y  wel l  de f ined  l i n e a r  regions of 1og.c vs 1/T above 250 K .  From 

such p l o t s  a c t i v a t i o n  b a r r i e r s  can be determined, and they  t u r n  ou t  t o  have a 

s y s t e m a t i c  f i e l d  dependence. The a c t i v a t i o n  e n e r g i e s ,  determined from t h e s e  

d a t a  a r e  given i n  F ig .  7 .  Takose and Odajima18 a l s o  have b r i e f l y  mentioned a 

a c t i v a t i o n  energy of 0.63 ev (61 kJ/mol) a t  200 N V / m  f o r  t h e  

c h a r a c t e r i z a t i o n  of t h e  peaks of p o l a r i z a t i o n  swi t ch ing  curves.  However, they 

do no t  develop t h e  idea  i n t o  t h e  framework o f  a more d e t a i l e d  model as we a r e  

a t t empt ing  h e r e .  Another i n t e r e s t i n g  f e a t u r e  of t h e  p l o t s  i n  F i g .  6 is t h a t  

w i t h i n  t h e  accuracy of t h e  d a t a  a l l  t h e  curves appear t o  converge t o  a conimon 

i n t e r s e c t i o n  a t  1 /T  * 2 . 5  x 10 K and T - 10 s .  The apparent l i n e a r i t y  of 

t h e  r e l a t i o n  between A and E sugges t s ,  r a t h e r  p l a u s i b l y ,  t h a t  t h e  

a c t i v i a t i o n  b a r r i e r  is b i a sed  by the presence of t h e  f i e l d ,  so  t h a t  

S 

S 

11 I 1  

- 3  -1 -7  
S 

C 

0 
‘I = T exp(A /RT) 
S S 

where 

A = A  - m * E  0 

and m is  an e f f e c t i v e  d i p o l e  moment of t h e  c l u s t e r  

p a r t i c i p a t e  i n  a switching e v e n t .  An e x t r a p o l a t i o n  

( 2 3 )  

of d i p o l e s  \;hicii 

t o  E = 0 g ives  

A = 100 kJ/nlol = 1 eV/event i n  t h e  dbsencc of t h e  f i e l d ,  which does not 

appear unreasonable.  
- 

9 



C .  Comparison of t h e  values  found for  t h e  energy b a r r i e r  
I _  

The motivat ion f o r  construct ing t h e  Arrher ius  p l o t s  as discussed above 

was t o  have an independent method of e s t i m a t i n g  AG t o  s e e  i f  a reasonable  

correspondence between t h e  va lues  obtained by t h e  two methods could be found. 

Then i t  would be p o s s i b l e  t o  e s t i m a t e  t h e  i n t e r f a c i a l  energy I I  by al lowing 21 

C 

.. 

t o  have t h e  va lue  which would give t h e  b e s t  agreement between t h e  two 

c a l c u l a t i o n s  and t h e  switching t i m e  d a t a .  The e f f e c t  of any a c t u a l  

i n t e r f a c i a l  energy is  only impl i c i t  i n  t h e  va lue  of AG obtained through the  - -  

Arrhenius p l o t  method. When the two s e t s  of r e s u l t s  a r e  compared, it is seen 

t h a t  a reasonable  correspondance between t h e  o r d e r s  of magnitude is achieved 

C 

but  t h a t  some of t h e  d e t a i l e d  t rends r e q u i r e  d i s c u s s i o n .  When an e s t ima t ion  

of t h e  i n t e r f a c i a l  energy is  attempted t h e  va lue  appears t o  l i e  i n  t h e  20 t o  

40 m J / m 2  range for e l e c t r i c  f i e l d s  between 80 and 200 ElV/m. IIowever, t h e  l i n e  

ob ta ined  by p l o t t i n g  AGc found v i a  t he  Arrhenius method on t h e  same graph a s  

t h e  n u c l e c t i o n  theory method (Fig.  8 )  is  not  p a r a l l e l  t o  t h e  l i n e s  drawn f o r  

cons t an t  i n t e r f a c i a l  energy. This sugges t s  t h a t  t h e  e f f e c t i v e  i n t e r f a c i a l  

energy is a func t ion  of t h e  e l e c t r i c  f i e l d  s t r e n g t h ,  as would be expected i f  

t h e  E f i e l d  modifies t h e  l o c a l  i n t e r a c t i o n s  between d i p o l e s  as  t h e  cha in  

conformations change. 

D. Comments on r e v e r s i b l e  and i r r e v e r s i b l e  a s p e c t s  of p o l a r i z a t i o n  

Changes i n  p o l a r i z a t i o n  of  PI’F,, involve i r r e v e r s i b l e  processes  

corresponding t o  h y s t e r e s i s  loops o f  the type shown i n  F ig  s a ,  \ , , i th  an entropy 

product ion o f  f E*dP/T per u n i t  V O l u I i l C  per c y c l e .  t h e r e f o r e  a proper accoiiiit 

of p o l a r i z a t i o n  k i n e t i c s  i i i  t h i s  nlcltcriiil should u t i l i z e  non-equilibrium 

L 
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thermodynamics. However i n  t h e  present work w e  wish t o  employ a frame-work 

based mainly on an equ i l ib r ium thermodynamics. We have drawn heav i ly  on ou r  

preceding paper i n  which t h e  a p p l i c a t i o n s  of nuc lea t ion  theo ry  t o  

Ehrenfest  thermodynamic t r a n s i t i o n s  were considered.  An important 

g e n e r a l i z a t i o n  which w e  have r ea l i zed  i n  connection wi th  t h e  p r e s e n t  pape r ,  

I _  

( B C d 3  

but  which t ransends it  i n  breadth and importance,  i s  t h a t  t h e  i n t e r f a c i a l  

energy term r ,  which appears i n  nuc lea t ion  theo ry  does n o t  have t o  be s t r i c t l y  

thermodynamic ( i . e . ,  non-d i s s ipa t iona l )  i n  c h a r a c t e r .  Thus when a g e n e r a l  

phase j3 is nucleated w i t h i n  a general  phase a ,  t h e  opposing i n t e r f a c i a l  energy . 

term Z 8' A can involve d u c t i l e  work o r  o t h e r  types of i r r e v e r s i b l e  work. I n  

t h e  case  o f  f e r r o e l e c t r i c  polymers we t h i n k  t h a t  t h e  more gene ra l  type of 

i n t e r f a c i a l  energy can be a s soc ia t ed  wi th  t h e  h y s t e r e s i s  behavior of 

r e o r i e n t i n g  d i p o l e s .  

B P  

If it were no t  for  t h e  h y s t e r e s i s ,  t hen  t h e  p o l a r i z a t i o n  \could be 

r e v e r s i b l e  and very much e a s i e r  t o  t r e a t .  I t  s t i l l  seems use fu l  t o  cons ide r  

t h e  s i m p l i s t  ca se  of a r e v e r s i b l e  two s t a t e  system with a s a t u r a t i o n  

p o l a r i z a t i o n  P = np, where f o r  PVF,, 1.1 = 7 . 3  x C - m  and n is t h e  number 

d e n s i t y  of d i p o l e s . 6  I t  i s  well known t h a t  such a two s t a t e  p a r a e l e c t r i c  

model has a p o l a r i z a t i o n  given by 

S L 

19 

P = (n+ - n-)p/(n+ + n-) =.Ps tanh(aE) ( 2 4 )  

where n+ and n - denote  d i p o l e  concentrat ions wi th  and a g a i n s t  t h e  f i e l d  and 

a = u/kT. From thermodynamics, t h e  p o l a r i z a t i o n  is  given by 

-1 
(25 1 P = -v ( a G / a E ) T  

so  t h a t ,  a s  an a l t e r n a t i v e  t o  Eq. ( 3 ) ,  

( G ( E )  - G(0)IT," = - V  J i  P * d E .  

Then, u s ing  t h e  r e s u l t  f o r  che two s t a t e  model, 

( 2 6 )  

l5 
s o  

G ( E )  = G ( 0 )  - P V J tanh(aE)dE 

= G ( 0 )  - (VPs/a)  In cosh(aE)  

11 



8 For small  E t h i s  f u n c t i o n  is approximately p a r a b o l i c  and f o r  l a r g e  E it 
~ 

becomes l i n e a r .  The gene ra l  shape is i l l u s t r a t e d  schematical ly  i n  F ig .  3a.  

For sudden f i e l d  changes, AE = E - Ell t h e  thermodynamic "d r iv ing  fo rce"  f o r  

I f  t h e  f i e l d  is  suddenly r eve r sed .  t h e  12' t h e  r e o r i e n t a t i o n  of d i p o l e s  is  AG 

AG between t h e  curve and i ts  mirror image would be t h e  d r i v i n g  f o r c e .  \(hen 

h y s t e r e s i s  is p r e s e n t ,  t h e  s i t u a t i o n  is very much more complicated but  one can 

t r y  t o  draw c e r t a i n  p a r a l l e l s  of f r e e  energy vs f i e l d  f o r  t he  a c t u a l  

p o l a r i z a t i o n  curve.  Such schematic r e p r e s e n t a t i o n s  of t he  f r e e  energy a r e  

r ep resen ted  i n  F i g .  8b. We a r e  g r a t e f u l  t o  A .  S .  DeReggi of NBS f o r  the . -  

p o l a r i z a t i o n  h y s t e r e s i s  d a t a  of F ig .  8a.  

2 

I V .  DISCUSSION AND CONCLUSIOXS 

A number of f e a t u r e s  o f  a simple model f o r  t h e  nuc lea t ion  of p o l a r i z e d  

domains i n  f e r r o e l e c t r i c  polymers have been explored.  The physical  b a s i s  of 

t h e  model i s  t h a t  d i p o l e  reor ientaLion,  even i n  t h e  presence of a f i e l d  going 

i n  t h e  wrong d i r e c t i o n , "  will not occur u n l e s s  f l u c t u a t i o n s  a t  a sma l l  

m i c r o s t r u c t u r a l  l e v e l  produce one o r  more n u c l e i "  of r e o r i e n t e d  p o l a r i z a t i o n  

of s u f f i c i e n t l y  l a r g e  volume t o  overcome an e f f e c t i v e  i n t e r f a c i a l  energy 

b a r r i e r  which can be viewed as p a r t i a l l y  r e v e r s i b l e  and p a r t i a l l y  

d i s s i p a t i o n a l .  I n  PVF2 t h e  i n t e r f a c i a l  energy is  presumed t o  be r e l a t e d  t o  

t h e  product ion of Reneker d e f e c t s  o r  similar kinks i n  a zone surrounding t h e  

r e o r i e n t e d  d i p o l e s .  The model here  d i f f e r s  s i g n i f i c a n t l y  from t h a t  of 

11 

I t  

Drey-Aharon e t  a l .  i n  t h a t  t h e i r  k i n k  propagat ion mechanism involved tile. 

s o l i t o n  l i k e  propagation of a r o t a r i o n a l  d i s t u r b a n c e  v i a  an equat ion f o r  tile 

Hamiltonian contai l l ing r o t a t i o n a l  k i n e t i c  e n e r g i e s .  
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By applying t h e  ideas  of c l a s s i c a l  thermodynamic nuc lea t ion  theo ry  t o  t h e  

p re sen t  model (assuming quas i - sphe r i ca l  n u c l e i )  expres s ions  f o r  t h e  s ize  o f  

t h e  c r i t i c a l  nucleus and t h e  c r i t i c a l  energy b a r r i e r  were ob ta ined .  A l i m i t e d  

account ing f o r  an i so t ropy  is included by us ing  t h e  a p p r o p r i a t e  components o f  

t h e  d i e l e c t r i c  t e n s o r .  The approach i s  t o  expand t h e  excess f r e e  energy p e r  

u n i t  volume of transformed mater ia l  as  a Naclaurin s e r i e s  i n  t h e  f i e l d  

i n t e n s i t y  E ,  f i r s t  assuming t h a t  the sample i s  a t  t h e  equi l ibr ium temperature  

f o r  t h e  t r ans fo rma t ion  t o  occur .  Equations (13) and (20)  r e s u l t  from t h i s  

technique and t h e s e  a r e  p l o t t e d  i n  F i g s .  & and 5 .  I t  needs t o  be recognized - .  

t h a t  t h e s e  expressions over-emphasise t h e  i n f l u e n c e  of t h e  f i e l d  i f  t h e  sample 

a l r e a d y  is a t  some f i n i t e  degree of undercool ing.  Thus, t h e r e  may be much 

l e s s  d i f f e r e n c e  i n  t h e  s l o p e s  of the c o r r e c t e d  AG vs E curves  based on t h e  

n u c l e a t i o n  theo ry  and t h e  AG vs E p l o t s  based on t h e  p o l a r i z a t i o n  switching 

measurement of Furukawa, The numerical values  f o r  t h e  

p l o t s  of t h e  parameters r and A G  of nuc lea t ion  theo ry  were obtained from t h e  

I f  t h e s e  p l o t s  a r e  taken a t  f ace  va lue ,  one l i t e r a t u r e  f o r  PVF 

must p o s t u l a t e  a f i e l d  dependent i n t e r f a c i a l  energy i n  o rde r  t o  b r i n g  t h e  two 

I _  

-. 

Data and J o h n ~ o n . ~  

C C 

2y9y14y15 
2' 

approaches i n t o  agreement. Although, a f i e l d  dependent T seems q u i t e  

p l a u s i b l e ,  and i n  t h e  l i g h t  of t h e  d i s c u s s i o n  above even probable ,  i t  i s  f e l t  

t h a t  any t r u e  dependence w i l l  be weaker than  an a n a l y s i s  of Fig.  5 would 

imply. This  i s  because t h e  a c t u a l  n u c l e a t i o n  w i l l  occur  a t  a f i n i t e  degree of 

undercooling 0 .  Even i n  t h e  extreme case  considered (0 = 0 ) ,  t h e  v a l u e s  

2 needed for t h e  i n t e r f a c i a l  energy f a l l  w i t h i n  t h e  range 20 t o  40 m J / m  

( i n c r e a s i n g  f o r  f i e l d s  between 80 and 1 0 0  W/m) and seem t o  be of a p h y s i c a l l y  

reasonable  magnitude. I t  amounts to about 1 kJ/mol of k inks .  

There a r e  many p o s s i b l e  extensions and mod i f i ca t ions  that  might be hoped 

t o  provide b e t t e r  iiiodels f o r  t he  p o l a r i z a t i o n  swi t ch ing  proccss. Several  a r e  

13 



now being considered,  f o r  esample a more r ea l i s t i c  shape f o r  t h e  nucleus such 

as a c y l i n d e r  o r  p r i s m a t i c  volume p a r a l l e l  t o  t h e  cha in  a x i s .  Another major 

- 

concern is t h a t  of f i n d i n g  a b e t t e r  way t o  account f o r  t h e  i r r e v e r s i b i l i t y  

( h y s t e r e s i s  of P vs E ) .  A r o t a t i o n a l  "dry f r i c t i o n ' '  model is being 

considered,  along with t h e  p o s s i b l i t y  of t r y i n g  t o  i n c o r p o r a t e  

Broadhurst ' s  14'15 approach of wr i i i ng  t h e  f r e e  energy as a s u m  of terms 

G' = Z G I s  over  a l l  r o t a t i o n a l  s i t e s  - s f o r  a c o l l e c t i v e  d i p o l e  m where 
1 2 G = -Vofs - V f cosnOs - mEf cos0 + kTfs ln f  
S I s  S 2 S 

f s  is t h e  f r a c t i o n  o f  dipoles  i n  s i t e  s ,  and where 
S' 

and Vo, V I  are parameters with the dimensions of energy. The Broadhurst 

p o t e n t i a l  has t h e  p rope r ty  t h a t  a spontaneous t r a n s i t i o n  from a given 

me tas t ab le  minimum is opposed not so much by t h e  V b a r r i e r  f o r  a d i p o l e  bu t  

by t h e  l o w  p r o b a b i l i t y  t h a t  a macroscopic region of t h e  c r y s t a l  will 

a t  o r i e n t a t i o n  angle  0 . -  

0 

experience t h e  needed cooperative energy f l u c t u a t i o n  t o  ill l o w  t h e  

t r ans fo rma t ion .  

The in f luence  of very inhomogeneous e l e c t r i c  f i e l d s  and t h e  e f f e c t  of t h e  

n o n - c r y s t a l l i n e  (-5Ov/O) f r a c t i o n  of PVF2 on t h e  nuc lea t ion  and grotcth 

processes  a r e  o t h e r  concerns.  
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FIGURE CAPTIONS 

Fig .  1. Schematic i l l u s t r a t i n g  a model f o r  t h e  180' p o l a r i z a t i o n  r e v e r s a l  i n  

B-PVF i n  which a sphe r i ca l  nucleus of reversed d i p o l e  o r i e n t a t i o n  

forms under t h e  in f luence  of an e l ec t r i c  f i e l d .  

2 

-. 
F i g .  2 .  For a phase t r a n s i t i o n  a+B t o  occur  a t  a degree of supercool ing 0 ,  

G m u s t  be less than  G where G i s  t h e  o rd ina ry  molar Gibbs' f r e e  

energy. a and B a r e  g e n e r a l  des igna t ions  f o r  phases ,  no t  

B a 

. -  
2 '  

n e c e s s a r i l y  t h e  a and I3 phases a s s o c i a t e d  wi th  PVF 

F i g .  3 .  The two opposing energy terms which g i v e  r i s e  t o  a c r i t i c a l  r a d i u s  

r and a c r i t i c a l  energy b a r r i e r  AG f o r  t h e  s t a b l e  e x i s t e n c e  of a 

nucleus.  The proposed in f luence  o f  an e l e c t r i c  f i e l d  on t h e  two 

C C 

terms and on t h e  c r i t i c a l  values  i s  i l l u s t r a t e d  schematical ly .  

F ig .  4 .  A p l o t  of t h e  c r i t i c a l  nucleus r a d i u s  r vs .  t h e  appl ied e l e c t r i c  

f i e l d  case  of 180' p o l a r i z a t i o n  r e v e r s a l  i n  f3-PVF2 a s  a 

func t ion  of t h e  i n t e r f a c i a l  energy X .  Note t h a t  t h e  s a t u r a t i o n  

C 

f o r  t h e  

f i e l d  of 210 PlVfrn corresponds t o  t h e  molecular dimensions of t h e  

PVF2-mer f o r  K 2 25 m J / m  . 
Fig .  5 A p l o t  of t h e  c r i t i c a l  energy b a r r i e r  AG v s .  t h e  app l i ed  e l e c t r i c  

f i e l d  f o r  t h e  case of 180' p o l a r i z a t i o n  r e v e r s a l  i n  B-PVF2 a s  a 

func t ion  of t h e  i n t e r f a c i a l  energy X .  The d a t a  p o i n t s  p e r t a i n  t o  

C 

F ig .  7 .  

F i g .  6 .  A p l o t  of t h e  switching t i m e  T v s .  t h e  inve r se  temperature f o r  
S 

3 p o l a r i z a t i o n  r e v e r s a l  in  6-PVF u s i n g  t h e  d a t a  of Furukawa e t  a l .  . 2 

F i g .  7 .  A p l o t  of t h e  a c t i v a t i o n  energy A G  vs. t h e  appl ied e l e c t r i c  f i e l d .  

t h e  d a t a  were obtained through the use  of an Arrhenius- type 

r e l a t i o n s h i p  using t h e  experimental  d a t a  of  Furukawa e t  a l .  
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Fig. Sa. Hys te re s i s  loop f o r  PVF (DeReggi et a l . ) .  

Fig.  Sb. Free  energy curves obtained by modelirig t h e  P vs E behavior  a f t e r  

2 

t h e  tanh(aE) r e l a t i o n  of Fig. 9 .  

Fig. 9a. Schematic i l l u s t r a t i o n  of t h e  tanh(pE/kT) p o l a r i z a t i o n  curve 

corresponding t o  a model c o n s i s t i n g  of n o n - i n t e r a t i n g  d i p o l e s  wi th  

two energy s t a t e s  (+pE and - p E ) .  

Fig. 9b. Free  energy curves obtained by i n t e g r a t i n g  t h e  tanh(aE) curve.  The 

dashed curve is  f o r  f i e l d  r e v e r s a l .  
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